ABSTRACT A new antenna design method together with a novel metal rim antenna is presented in this paper. The design method transforms an electromagnetic synthesis problem into a circuit problem, which can be solved in a straightforward manner. The new metal rim antenna is based on switches and the antenna cluster concept. The antenna cluster concept uses several, differently fed radiating elements together as one antenna. The proposed method is used to design a handset antenna with small ground clearance of 5 mm capable of 2 × 2 MIMO operation in the 698-960 MHz low band with 30-40 % efficiency and 4×4 MIMO in the 1.7-2.7 GHz middle-high band with better than 50 % efficiency, and the 3-4 GHz high band with efficiency up to 75 %. The proposed optimization method leads to a novel way of distributing the antennas over the entire available volume.
I. INTRODUCTION
Designing efficient MIMO antennas for all the frequency bands needed in 5G requires an enormous number of time-consuming electromagnetic (EM) simulations, but repeating similar simulations does not create new and innovative solutions. New methods are needed to find different perspectives and also to accelerate the design process. At the same time, the practical aspects of handsets have to be taken into account in the design process.
Traditionally, designing antennas requires a large number of EM simulations to optimize both the location and the geometry of the antenna elements [1] - [5] . Especially self-resonant antennas tend to have complicated structures that require a lot of optimization, often performed manually by the antenna designer [6] - [12] . By using non-resonant antennas, such as capacitive coupling element antennas (CCEs) [13] , the geometry of the antenna element is simpler and part of the problem is transformed into finding a proper matching network [14] . The operation of different frequency bands are usually designed separately [15] and the EM simulation is iterated several times for each
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Antenna design methods based on numerically optimizing the size and shape of the metallic radiating structure have been proposed, e.g., in [16] , [17] . These methods can produce antennas with arbitrary shapes which are not necessarily applicable in consumer devices because of practical aspects.
This paper, based on [18] , proposes a new optimization method that requires only one EM simulation. By using a multiport antenna simulation model and an evaluation algorithm, the EM synthesis problem is transformed into a circuit problem allowing to evaluate a large number of different antenna structures in a short time. Different antenna structures are created from the multiport antenna model by placing the feeds, open circuits, and short circuits into the available ports and finding the combination that gives the best performance. Because of the design method, the designer does not have to make any major assumptions about the sizes or locations of the antenna elements beforehand. This kind of optimization with current commercial EM simulators would require a very large number of time-consuming simulations making it impractical option in many cases. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
Using the whole metal frame as an antenna has been a popular option because of its appealing appearance and mechanical strength. Adding a metal rim into the device has a large effect on the traditionally used internal antennas [19] . Many different types of designs for metal rimmed devices have been published in the recent years [20] - [28] . However, many of these designs require impractically large ground clearances for modern smartphones. In addition, most of the designs do not support MIMO operation or the 3.5 GHz band for 5G.
To efficiently utilize the metal rim and to allow distributed feeding, we apply antenna cluster technique [29] - [32] where a set of antenna elements is used as one antenna by feeding ports with complex weighted signals. By optimizing the structure separately for different frequency bands, the optimal size and number of antennas can be used on each band. For practical realization, the structures for different frequency bands are created with switches. The proposed method allows the utilization of the available volume more efficiently and also achieving a high data rate by using higher order MIMO in middle-high and high bands compared with the traditionally used two-element MIMO [4] , [5] , [33] .
In addition to this novel design method, which accelerates the design process and helps designers to find novel solutions without being limited by traditional assumptions, this paper presents a new antenna type making it possible to realize high-order MIMO antennas whose frequency can be reconfigured across a large band. The effectiveness of the proposed method is demonstrated by designing a high-capacity MIMO antenna system for a mobile device with metal rim. The antenna proposed in this paper is one of the few published designs that can cover the low band with two-element MIMO and higher bands with four-element MIMO in a form suitable for modern smartphones with very small ground clearances. The measurement results confirm that a good performance is achieved.
II. BACKGROUND
The goal of the proposed method is to utilize the metal rim of a handset as antenna clusters. The structure is reconfigured for different frequency bands with switches. The locations of the feeds, short circuits, and open circuits are found using an evaluation algorithm and a multiport simulation model built from small unit antenna elements, like the one shown in Fig. 1 . The algorithm evaluates different combinations and selects the best one. The MIMO capacity is used as a figureof-merit to find the best structure.
A. THE ANTENNA CLUSTER CONCEPT
The antenna cluster concept initially presented in [29] , [30] uses several antenna elements that are fed with complex weighted signals to maximize the combined efficiency of the cluster. The antenna cluster can be tuned to operate at different frequencies by adjusting the feeding weights accordingly for each frequency point. With incident wave vector a, the matching efficiency η match of an antenna cluster with scattering parameters S is
where () H is the conjugate transpose. The performance of the antenna cluster is determined by the matrix I − S H S.
The maximum obtainable active matching efficiency can be calculated by finding the largest eigenvalue, i.e.,
which is obtained when a is the eigenvector corresponding to the maximum eigenvalue [29] . Eq. (2) is later used to pre-evaluate different structures using the S-parameter model of the antenna. Using the S-parameters to calculate the feeding weights does not take losses of the structure into account and maximum obtainable performance might not be achieved. Also, measuring the S-parameters of a multiport antenna is laborious. These problems can be solved by replacing I − S H S in Eq. (2) with matrix D calculated from the far-field patterns of each antenna element. The elements of D are
and F i is the radiation pattern of ith feed port [34] . Eq. (3) is later used to evaluate the total efficiency and MIMO capacity.
B. MIMO
In this work, the MIMO capacity is used to compare different antenna designs by taking into account the operation of the whole antenna system instead of just the efficiencies of individual antennas. It should be noted that when using antenna clusters, one antenna cluster corresponds to one antenna for the MIMO system as in [32] . The total radiation pattern for each stream is then
where N f is the number of feeds in an antenna cluster and α n is the complex weighting coefficient for each element in a cluster calculated using (2) and (3).
The different antenna designs can be compared by calculating the MIMO capacity C for each case. In this paper, the capacity is calculated following [35] as
where M is the number of transmitter and receiver antennas, H is the channel matrix, and SNR is the signal-to-noise ratio. Rayleigh fading channel H w describing a rich scattering environment modelled with independently and identically distributed complex Gaussian random variables is assumed. The MIMO channel matrix H is then calculated as
where R r describes the effect of the receiving antennas, including efficiency, coupling, and correlation, calculated from the radiation patterns of the clusters [35] . It should be noted that (6) only takes into account the effect of the receiving handset antennas and assumes ideal transmitting antennas. Instantaneous capacity calculated from (5) is valid for only one channel realization. Ergodic capacity is the average capacity calculated with a large number of independent channel realizations [36] . In this paper, ergodic capacities are calculated with 5000 channel realizations and with SNR = 20 dB which are commonly used parameter values [37] , [38] .
III. PROPOSED OPTIMIZATION METHOD A. MAIN IDEA OF THE DESIGN METHOD
The design method uses a multiport antenna simulation model built from a large number of small unit antenna elements. Each of these elements has one feed port and the different unit elements can be connected or disconnected with short circuits or open circuits. The evaluation algorithm finds the optimal combination of feeds, open circuits, and short circuits. Fig. 2 illustrates an example of placing two feeds and three open circuits into a simulation model with four unit antenna elements.
Using reactive loading to ground the antenna element is known to improve the performance especially at the low frequencies [26] , [39] . The proposed method also allows the ports to be terminated with inductors and capacitors. However, this would increase the complexity significantly because the component values for each element should also be optimized, and therefore, is out of scope of this paper.
With antenna clusters, both matching of individual ports and coupling between the ports have a significant effect on the performance. The operation of the entire antenna cluster can be characterized with a single figure with matching efficiency and it can be calculated directly from the S-parameter model using (1) . Therefore matching efficiency is used to pre-evaluate different antenna structures to find the most promising ones. The final optimization goal is the MIMO capacity. This computationally more demanding capacity is then calculated only for the best candidates based on the matching efficiency. The antenna structure is optimized separately for different frequency bands. If a port is terminated differently in different bands, a switch is used to modify the structure for each case.
B. NOVELTY AND BENEFITS OF THE DESIGN METHOD
By applying the evaluation algorithm for the EM simulation model consisting of unit antenna elements, a large number of different antenna structures can be studied with only one EM simulation by transforming the problem into a circuit problem. Because circuit simulation is considerably faster than EM simulation, the design process can be accelerated significantly.
Most commercial EM simulators have optimization features that can be used to find optimal structures. However, these tools work usually fine for fine-tuning when the approximate structure is already known but for finding completely new solutions, they are inefficient in most cases. Using the proposed multiport simulation method, the designer does not have to make any assumptions about the size, location, or even the number of antenna elements forming the antenna clusters. This makes it possible to find radically new designs that would otherwise be difficult to find using the traditional design methods.
By optimizing the structure for each frequency band separately with switches, the limited volume available for antennas is used as efficiently as possible. Lower frequencies are more challenging to implement in a limited volume. For this reason, the low band structure optimization is performed first. The higher frequency structure is optimized after the low band structure has been designed and in this optimization, the low band structure is kept fixed. This makes it possible VOLUME 7, 2019 to use the low-band open circuits also for higher frequencies. Thus, the number of switches is minimized and a good low-band performance is retained.
C. DETAILS OF THE METHOD WITH THE PROPOSED DESIGN
In this paper, the proposed method is demonstrated by designing a MIMO antenna system for a mobile device. To limit the computation time, the optimization for matching efficiency is performed for a simulation model where unit elements are placed such that they cover only half of the perimeter of the ground plane as shown in Fig. 1 . The full metal rim structure used for the total efficiency and capacity evaluations is then obtained by copying these antenna elements. After the structure has been optimized for all frequency bands, the final phase is to fine tune the whole structure. The final optimization is performed because the structure is modified when the unit elements are combined into actual antenna elements and the unused feed lines are removed. Also, the size of the unit elements determine the accuracy at which the feed and switch placement can be found. The final optimization is performed to take these factors into account. The general design process utilized in this case is presented in Fig. 3 . The goal of the evaluation algorithm is to find the optimal placement of the feeds and switches. The algorithm uses the S-parameter model of the multiport antenna simulation model. The design parameters are:
• frequency band • the number of data streams N T • number of feeds in an antenna cluster N f • number of open circuits N oc . First, all possible combinations of placing N T × N f feeds to the available feed ports are created. Next, all possible combinations of placing N oc open circuits in the metal rim are created. In this work, additional constraints can be used for the middle-high and high bands to force the algorithm to use the same feeds and switches that are used in the low band.
Next, all possible feed, open circuit, and short circuit combinations are evaluated. The S-parameter model of the antenna is modified such that unused feed ports are set to open circuits, i.e., terminated with infinite impedance. If the used MIMO configuration is 2 × 2, one antenna cluster is built into the half structure. If more data streams are used, S-parameter models with corresponding feed ports are created for each stream while the feeds of other streams are terminated with 50 . The matching efficiency for each data stream is calculated using (2) and the best options are chosen. The final phase is to calculate the capacity for the best options based on the matching efficiency. The far-field patterns of each element in one cluster are first summed with the complex weights using Eq. (4) and these patterns are used to calculate the capacity according to Eq. (3) and Eq. (5). Fig. 4 presents the evaluation algorithm performed at each frequency range in Fig. 3 .
It should be noted that although in the design presented in this paper we are using a simplified model of a mobile device and a symmetric antenna configuration, the design method in general is not limited by these factors. The multiport simulation model could include, e.g., internal components of the phone and the optimization could also be performed directly for the full model instead of the half structure.
IV. DESIGN PROCESS OF A MOBILE ANTENNA
The proposed design method is first applied to a simulation model consisting of an infinitely thin PEC ground plane and the antenna unit elements. The size of the ground plane is 140×69 mm 2 . Current trends in commercial smartphones require as small as possible clearances and therefore 5 mm and 3 mm are chosen. The ground clearance is measured from the edge of the ground plane to the outer edge of the metal rim on the same plane as shown in Fig. 1 . The total dimensions of the full antenna models are then 150×75 mm 2 , which correspond to, e.g., Apple iPhone 8 Plus and Huawei Mate 10 Pro.
To implement two-element MIMO in the low band, five ways to split the volume into two half structures are considered. Based on the appearance of the antenna elements, these models are called L-shape, U-shape and three versions of J-shape. The L-shape model is shown in Fig. 1 and the other models in Fig. 5 . The length of the unit element on the long edge is 19.86 mm for the L-shape and the J-shape models and 17.75 mm for the U-shape model. The length of the unit element on the short edge is 13 mm for all models. The width of the element is 1 mm and the gap between the elements is 1 mm. There are 12 unit elements in the L-and J-shape models and 13 in the U-shape model.
A. LOW-BAND OPTIMIZATION
For the low-band half-structure optimization, N T = 1, N f gets values from one to two and N oc from zero to three. From the resulting half structures, three of the most promising ones for each shape are chosen for the full structure capacity calculation. The best capacities and total efficiencies for each case are shown in Fig. 6 . The ideal capacity is the upper limit of achievable capacity that is achieved when all antennas are 100 % efficient and there is zero correlation between them [35] . Based on the obtained results, the L-shape gives the best performance. The capacity across the whole band is rather flat and the level is the highest. Therefore, the L-shape model is chosen for the middle-high and high-band optimization.
B. MIDDLE-HIGH AND HIGH-BAND OPTIMIZATION
The middle-high and high-bands are studied together. The low-band feeds are used to keep the structure as simple as possible. The open and short circuits for the middle-high and high-band structure can be designed completely independently of the low-band structure or they can be co-designed by forcing the algorithm to use the same open circuits that are used in the low-band. Both options are considered. The low band can practically use only two MIMO antennas but at higher frequencies, more data streams can be utilized. Therefore, the effect of increasing N T is studied. Fig. 7 shows the matching efficiency results for the N T = 2 case. F # is the total number of feeds, S # is the total number of switches required, and η min tells the minimum efficiency for each case. The results show that using more than two feeds per data stream (i.e., F # = 4) does not produce significant improvement. Similar results are found for the cases N T = 3 and N T = 4 also.
The results for higher number of data streams show that it is possible to have several separate data streams in the half structure. However, Table 1 shows that as N T is increased, the minimum efficiency decreases. The benefit of co-designing the low-band and high-band structures can be seen from cases 3 and 4 in Fig. 7 . In both cases, N oc = 5 but the total number of switches needed are seven and three. When the same ports are set to open circuits in all frequency bands, they can be replaced with gaps in the antenna structure without actual switches. Since the performance of the two cases are quite similar, it is beneficial to minimize the total number of switches used.
Next, the capacity is evaluated for the different MIMO configurations. For each case, N f = 2 and minimum S # that gives reasonable efficiency performance are chosen. The results and the corresponding ideal capacities are shown in Fig. 8 . Although the minimum efficiency decreases with increasing N T , the capacity increases. However, when comparing each case with the corresponding ideal capacity, the achieved capacity decreases. 
C. PROPOSED DESIGN
The MIMO configurations chosen based on the initial study are 2 × 2 for the low band and 4 × 4 for middle-high and high bands. The 4×4 is chosen because it provides relatively good performance without too large number of switches. It can be expected that the larger number of switches required by, e.g., the 8 × 8 case will be affected more than the 4 × 4 case when realistic switches are taken into account. The antenna structures are presented in Fig. 9 . The proposed approach leads to a new way of placing the antennas: elements are distributed along the entire metal rim of the device. The low band uses two large antenna elements on the long and short edges of the ground plane and one parasitic element between them. The middle-high and high-band structure has four smaller antenna elements and two parasitic elements. With switches, larger elements can be used for the low band while a larger number of smaller elements can be utilized at higher frequencies.
As a demonstration of the benefits of the proposed method, the presented low-band optimization evaluates over 18000 different structures. With traditional approach, the simulation time is exponentially related to the number of ports whereas with the proposed method, the simulation time increases only linearly with the total number of ports. In this case, the proposed method is at least one order of magnitude faster. Using larger number of feed ports, like in the middle-high and high-band optimization, or simulating a more complex structure than just a PEC sheet further increases the difference and makes the proposed method more attractive.
V. PROTOTYPE AND MANUFACTURING
To use the maximum volume available for the antennas, and to build the antennas into the metal rim of the phone, the simulation model has a 4 mm high metal rim. Also, for practical realization, a 0.8 mm-substrate is added. The substrate material is chosen to be Rogers RO4003C with dielectric constant ε r = 3.38 and dissipation factor tan δ = 0.0021 (2.5 GHz/23 • C). All the gaps between the antenna elements are 1 mm wide.
The placement of the feeds and switches for the final structure are found based on the results of the initial study. After this, the unused feed lines are removed and larger uniform antenna elements are formed. The final optimization of the placement of the feeds and the gaps in the antenna structure is performed to get the best possible performance in all frequency bands.
For the complete model of the antenna, the ideal switches need to be replaced with real ones. The most common types of RF switches are PIN diode switches, field-effect transistor (FET) switches and microelectromechanical systems (MEMS) switches [40] , [41] . The most important switch characteristics considered in this paper are the insertion loss and the isolation. Other factors, such as switching speed, are not considered here. Different switch models are studied with simulations and the best option based on the performance and the manufacturability is Skyworks SMP1345-040LF PIN diode. Both simulations and measurements use 0 V reverse bias voltage and 10 mA forward bias current. The voltages and the power dissipation of the diodes are studied by circuit simulations to make sure that they do not break down. With power levels used for mobile devices, the diode voltages and power levels are well below the manufacturer specified maximum ratings.
The full switching circuits are implemented on the PCB. Unused high-band feeds are switched off in the low band to make them look open circuits for the low-band feeds. In addition to the PIN diode, the switches also need bias networks to isolate the RF signal and the bias voltage. The bias networks are realized with Murata GQM1882C1H510GB01 51 pF DC block capacitors and LQW18ANR20G00 200 nH RF choke inductors. The DC block capacitors and RF choke inductors have been chosen to provide relatively low and high impedances, respectively, at the operating frequencies [42] . Because of the total size required by the switching circuits, they are realized partly on the ground plane instead of directly between the antenna elements. Fig. 10 shows the bias networks designed for the diodes. Fig. 11(a) shows the resulting final simulation model and Fig. 11 (b) the manufactured prototype of the antenna. The configurations for the antenna clusters are presented in Table 2 with port numbering referring to that of Fig. 11(a) .
VI. RESULTS AND DISCUSSION

A. RESULTS
The measurements are performed with MVG StarLab 6 GHz antenna measurement system. The far-field patterns are measured one feed at a time while the other feeds are terminated with 50 loads. The individual radiation patterns are then used to calculate the optimal feeding weights and the total efficiency and the MIMO capacity are calculated from the combined field patterns as explained in Section II. The total efficiency and envelope correlation coefficient (ECC) results are shown in Fig. 12 and Fig. 13 and the capacity results calculated from the antenna properties in Fig. 14 . The measurement results for the low band and the middle-high band are in good agreement with the simulation results. In the high band, there is a larger difference between the measurements and simulations. This is likely caused by manufacturing inaccuracies that are affecting the high band most because of the shorter wavelength. The maximum ECC is 0.44 in the low band. The results show that correlation is below 0.5 in all frequency bands, which is usually considered as low correlation [35] .
The achieved total efficiency and MIMO capacity for the 2 × 2 low band are 30-40 % and about 8 bit/s/Hz. For the 4 × 4 middle-high band, 50-70 % efficiency In addition to the ECC, the spatial diversity performance of the proposed design can be studied from the radiation patterns of the antennas. The orientation of the device and the coordinate system in which the results are presented is shown in Fig. 15 and the low-band and middle-high-band radiation patterns for all data streams are shown in Fig. 16 and Fig. 17 . The results show that by distributing the antenna elements around the whole metal rim, broad spatial coverage is achieved.
The feeding weights for the low band elements are shown in Fig. 18 . In the phase results, feed 1 is chosen as a reference, i.e., it is always 0 • . The low band feed coefficients and the individual element efficiencies in Fig. 12(a) clarify the operation principle of the low band antenna clusters. The cluster is formed by two antennas with different resonant frequencies, around 700 MHz and 900 MHz. By adjusting the amplitude and phase of the input signal between these two antennas properly, the whole low band can be covered with better efficiency than either of the individual elements used alone.
The feeding weights of data streams 1 and 2 for the middle-high and high bands are shown in Fig. 19 . Results for streams 3 and 4 are similar. Both frequency bands can be covered by properly adjusting the signals of the two feeds of an antenna cluster. Because the low-band feeds were chosen to be used also in the middle-high and high bands, the optimal usage of the antenna clusters is not necessarily possible. However, the results show that all antenna elements are used although, e.g., stream 2 high band is mostly covered with feed 2. Table 3 presents a comparison of the proposed antenna with some recently published antenna designs. The two clearance values correspond to those along the short edge and the long edge of the device, respectively. The proposed design has several benefits over the others. While some of the designs have 2 × 2 MIMO capability in the low and middle-high bands, and some have 4×4 capability in either the middle-high or the high band, the proposed design is the only one capable in 2×2 MIMO operation in the low band and 4×4 MIMO operation both in the middle-high and the high bands. In addition, not all of the other designs can cover the 700 MHz band. Also, the proposed design has the smallest height of the antenna structure. When taking these factors into account, the comparison shows competitive performance.
B. SOME ADDITIONAL CONSIDERATIONS
Because of the switches needed to create the low band and high band structures, inter-band carrier aggregation (CA) cannot be directly used. However, it is possible to use one low band antenna simultaneously with two middle-high and high band antennas by using one half structure in the low band configuration and the other one in the middle-high and high FIGURE 21. MIMO capacities calculated using simulated antenna properties for ideal switches, full switches, and for structure with battery and display panel.
band configuration. To simultaneously use all the antennas, the switches could be replaced with passive filter structures.
To study how much the properties of the diodes and the bias networks affect the antenna performance, a comparison of the MIMO capacity for the realized switching circuits and ideal switches is performed with simulations. The ideal switches correspond to the structure of the switching circuits in Fig. 10 with the components replaced with either open or short circuits. In addition, the practical aspects of handset antennas are studied with a model that includes a battery and a display panel with the full switches. The battery is modelled with a 112×40×2.2 mm 3 PEC structure on top of the ground plane. The display panel is modelled with PEC and glass sheets with 140×69×1 mm 3 total size placed on top of the battery. The simulation model with the battery and display panel is shown in Fig. 20 .
The resulting MIMO capacities for these three cases are shown in Fig. 21 . Due to the low insertion loss of the diodes, 0.15 dB in the low band, the difference between the real and ideal switches is relatively small in the low band. The middle-high and high bands are affected more because the isolation of the diodes is 12-18 dB in these band. The results with the battery and the display panel show that the performance is slightly decreased in the low and middle-high bands and that the high-band performance is affected the most. Because the optimization of the structure was performed without these components, this decrease in the performance could be reduced by taking these components into account in the optimization process.
VII. CONCLUSION
A new antenna design method based on a multiport antenna simulation model combined with switches and an optimization algorithm has been presented in this paper. The developed method can evaluate a large number of different antenna structures in a short time thus making the design process faster. Because very few assumptions about the antenna structure are required, completely new and innovative antenna structures can easily be found.
The developed method has been applied to a mobile handset MIMO antenna design to prove its applicability. Manufactured and measured prototype shows competent performance. The results show that the antenna cluster concept can be used with low band antennas in mobile phone sized devices even with small ground clearances and large number of switches. The resulting antenna structure shows the potential of the proposed method in finding completely new antenna structures. Distributing the elements around the metal rim of the device is a solution that would have been difficult to find with traditional design methods.
The developed optimization method is promising already now, but it could also be further developed. By including the possibility to use matching circuits and reactive loading of the antenna elements, the performance could still be improved further. Also, the design process could be applied to more detailed phone models in the future.
